Catalases are antioxidant metalloenzymes that disproportionate hydrogen peroxide to water and oxygen during aerobic growth. Moreover, when the H 2 O 2 concentration is low, catalase may also catalyze the oxidation of electron donors, such as ethanol or phenols (13) . Lactic acid bacteria (LAB) were generally considered catalase-devoid microorganisms until the last decade, when catalase activity was reported in Lactobacillus, Pediococcus, Enterococcus, and Leuconostoc species (3, 5, 8, 9, 11, 20, 21) . There are two major classes of catalase, the true or heme-dependent catalase, and the manganese-containing catalase or pseudocatalase (8) . The best-studied catalase is the heme-dependent catalase, which is induced by an exogenous heme group that is incorporated into the apoenzyme.
Hydrogen peroxide can interfere with organoleptic properties of foods and may, for example, lead to rancidity and discoloration of fermented meat products (1) . The presence of catalase activity in LAB may be an important property of starter culture strains, especially in lactobacilli, which are of great commercial value for meat fermentations (10) . In addition to eliminating hydrogen peroxide, catalase can also catalyze the degradation of phenolic compounds which occur naturally in foods. Such compounds are considered antinutritive factors in foods because of their resistance to digestive enzymes and also because they may be toxic. Thus, catalase may act as a detoxificant which transforms phenolic complexes to nontoxic derivatives (22) as occurs, for example, in the production of instant coffee (4) .
In this study, we characterized the catalase activity of Lactobacillus plantarum CNRZ 1228, which had been isolated from Egyptian cheese. We used methods including cloning, sequencing, and heterologous expression. We also screened selected LAB strains for the occurrence of the catalase gene and studied the influence of heme, pH, and NaCl levels on the production of catalase in vitro.
The bacterial strains and plasmids used in this study are listed in Table 1 . All strains were grown in MRS broth (Merck) at 37°C, except for Escherichia coli which was grown in LuriaBertani (LB) broth (Becton Dickinson) on a rotatory shaker at 200 rpm at 37°C. Solid media were prepared by adding 1.5% agar to the broth media. The strains harboring plasmids with resistance to ampicillin or erythromycin were propagated in media containing 150 g of ampicillin per ml. The strains harboring plasmids with resistance to erythromycin were propagated in media containing 200 g of erythromycin per ml for E. coli and 50 g of erythromycin per ml for Enterococcus faecalis ATCC 19433.
L. plantarum CNRZ 1228 and various Lactobacillus and Enterococcus strains isolated from food (Table 2) were screened for catalase activity on MRS agar supplemented with 30 mM hematin (Sigma) by the method of Knauf et al. (9) . Catalase activity was detected by flooding the colonies with 3% hydrogen peroxide. L. plantarum CNRZ 1228 grown on MRS agar medium did not exhibit any catalase activity unless the medium was supplemented with 30 mM hematin. This result indicated the presence of a heme-dependent catalase activity in L. plantarum CNRZ 1228. Total genomic DNA isolation from L. plantarum CNRZ 1228 and other LAB was performed by the method of Quadri et al. (14) . Large-and small-scale plasmid DNA preparations from E. coli (16) and E. faecalis (6) were performed by established techniques.
For cloning of the catalase gene, total genomic DNA was partially digested with Sau3AI, and the DNA fragments of 1.5 to 2.5, 2.5 to 3.5, 3.5 to 5, and 5 to 7 kb were purified from the agarose gel using the QIAEX II kit (Qiagen). DNA fragments ligated with T4 DNA ligase (New England Biolabs) into the BamHI-cleaved plasmid pBluescript SKϩ/Ϫ (pSKIIϩ/Ϫ) were used to transform electrocompetent E. coli Top10 cells (Invitrogen) by methods described by Sambrook et al. (16) . The gene library constructed this way consisted of about 3,500 clones. The transformants were screened for catalase activity on brain heart infusion (BHI) containing tannic acid (BHItannic acid medium) and ampicillin (150 g/ml), which is the same medium used for screening for tannase activity (12) . This medium was used as a plate-screening assay which could detect catalase activity when cloning into catalase-positive bacteria such as E. coli. First, the plates were incubated anaerobically for 2 days to allow the colonies to grow and to prevent darkening of the medium; the plates were then kept aerobically for a further 24 h at 37°C to induce the catalase gene (7) . A zone of clearing surrounding the colonies, which developed during aerobic incubation, indicated tannic acid degradation as a result of catalase activity. Plasmid DNA (pHA01) of one clone was isolated using the Qiagen Midiprep plasmid purification kit (Qiagen), and the insert was sequenced bidirectionally at GATC Biotech (Konstanz, Germany) using M13 universal oligonucleotide primers and custom primers. Plasmid DNA (pHA01) exhibiting presumptive catalase activity on BHI-tannic acid medium was shown to harbor a 2.5-kb DNA fragment insert.
Analysis of the nucleotide sequence of the 2.5-kb fragment in pHA01 revealed one open reading frame (katL) whose sequence comprises 1,455 bp and which encodes a protein of 484 amino acids with a calculated molecular mass of 55 293.93 Da and an isoelectric point of 5.28. A probable ribosome binding site for the catalase gene (GAAAAGGG) was located 8 bases upstream of the initiation codon. Possible Ϫ10 (TTT AAA) and Ϫ35 (TTGAAG) promoter sequences separated by 22 nucleotides were detected upstream of the structural gene (katL). A possible terminator consisting of the inverted repeat sequences TAAAGAGCGACA (right) and TGTCGCTC TTTA (left), capable of forming a stem-loop structure, were located 76 bases downstream of the TAA stop codon. These inverted repeats were separated by 29 bases (data not shown). The amino acid sequence of catalase from L. plantarum CNRZ 1228 was almost identical (483 of 484 identical amino acids, i.e., 99.8% identity) to the catalase produced by L. plantarum WCFS1 (the complete genome of this strain was recently sequenced [GenBank accession no. AL935262]). Thus, while KatL contained Leu 396 , the catalase from L. plantarum WCFS1 contains a phenylalanine residue at this position. KatL also showed high homology (68% identity, 85.5% similarity) to the catalase of Lactobacillus sakei LTH677 (9), especially at the N-terminal region of these proteins.
The katL gene was amplified by PCR using primers HA-1 (5Ј-TAT ATC TAG ACA AGA GCT TTC TTG TAA TTT-3Ј) and HA-2 (5Ј-TAT AGC ATG CCG CGC TGG ATA ACA TTC GG-3Ј) upstream and downstream of this gene and which contained XbaI and SphI restriction enzyme sites, respectively (underlined). DNA was amplified in a 50-l volume containing 100 ng of template DNA, 200 M concentration of each deoxynucleoside triphosphate, 25 pM concentration of the respective primer, 1.5 U of Taq DNA polymerase (Amersham Pharmacia), and 1ϫ Taq polymerase buffer (Amersham Pharmacia). DNA was amplified in 32 cycles (denaturation at 94°C for 1 min, annealing at 51°C for 1 min, and extension at 72°C for 2 min), purified, and cut with XbaI or SphI. The PCR product was cloned into plasmid pUC19, resulting in plasmid pHA02 which was used to electrotransform E. coli Top10 cells. The plasmid DNA from positive clones was used to sequence the catalase gene to confirm the fidelity of the PCR. This nucleotide sequence analysis revealed one error in one base pair, which resulted in the amino acid at position 33 being modified in the PCR-amplified catalase gene (Kat33-His/Ser). However, this mutation resulting from the PCR amplification did not abolish catalytic activity.
For heterologous expression, the PCR-amplified katL gene was excised from pHA02 with XbaI and SphI and cloned into the E. coli-Lactococcus shuttle vector pMG36e, resulting in plasmid pHA03. Plasmid pHA03 was used to transform E. coli MH1 (2), and plasmid DNA was isolated from transformants containing pHA03. The plasmid was then transformed by electroporation into the heterologous host E. faecalis ATCC 19433. The katL gene was successfully expressed in the heterologous host E. faecalis ATCC 19433, as it exhibited catalase activity on an MRS plate in the presence of 30 mM hematin. In contrast, the negative-control E. faecalis ATCC 19433 containing pMG36e without an insert did not exhibit any catalase activity in MRS agar medium containing 30 mM hematin. This result showed that katL was necessary for production of a functional catalase. 
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To test whether other LAB isolated from food possess the catalase gene, we first screened these strains (Table 2) for heme-dependent catalase activity on MRS medium containing 30 mM hematin. We found that 75% of Enterococcus durans (3 of 4 strains), 64% Enterococcus faecium (16 of 25 strains), 72% E. faecalis (13 of 18 strains), and 66% of lactobacilli strains (25 of 38 strains) investigated in this study exhibited catalase activity when exogenous heme was supplied. Total genomic DNA isolated from various positive strains was used as a template for amplification of the catalase gene. For PCR amplification, the primers Cat-1 (5Ј-CAA AAT ATG CAA TGG GAT TT-3Ј) and Cat-2 (5Ј-ACC TTG TAG TAA TTT GTC GGG-3Ј) were used. PCR amplification was done as mentioned above in 35 cycles (denaturation at 94°C for 1 min, annealing at 48°C for 1 min, and extension at 72°C for 40 s (Table 2) . Therefore, the specific primers used in this study were speculated to anneal to regions which are conserved only in the catalase genes of some lactobacilli. Consequently, the heme-dependent catalase genes in enterococci may be expected to show little homology in the gene regions to which the primers were targeted, and these catalase genes may be expected to be heterogenous in primary sequence from those produced by some lactobacilli.
For a possible application of LAB as starter cultures in sausage fermentation, knowledge about their potential to form hydrogen peroxide and their production of active catalase under various ecological conditions may be required. The influence of pH and heme and NaCl concentrations on catalase activity in L. plantarum CNRZ 1228 was determined in vitro in triplicate. Catalase activity was detected by the method of Rorth and Jensen (15) . However, the effect of the initial pH of the MRS growth medium was presumed to influence catalase activity, so it was investigated. The initial pH indeed influenced the catalase activity of L. plantarum CNRZ 1228. At a pH range of 4.9 to 5.7 after sterilization of the medium, catalase activity was detected, reaching a maximum at pH 5.4 (245.7 Ϯ 0.6 M O 2 /liter/min), followed by a slight decrease in activity at pH 5.7 (203 Ϯ 0.3 M O 2 /liter/min). The lowest activity was at pH 4.9 (147.7 Ϯ 0.4 M O 2 /liter/min). However, in MRS broth supplemented by hematin at the initial pH values of 4.0 and 4.5, no growth and hence no catalase activity was detected in cultures incubated at 37°C for up to 48 h. In the pH range from 4.9 to 5.7, the growth yield (5 ϫ 10 8 CFU/ml after 24 h of incubation at 37°C) was not affected by the pH of the culture medium (data not shown).
The catalase activity of L. plantarum CNRZ 1228 was also dependent on the concentration of salt. The presence of increasing NaCl concentrations (0 to 5%) and 20 ppm of hematin in the growth medium did not affect the growth yield (4 ϫ 10 8 CFU/ml after 24-h incubation at 37°C). Catalase activity was constant (203 Ϯ 0.7 M O 2 /liter/min) with 0 to 4% NaCl but decreased at 5% NaCl (51.81 Ϯ 0.03 M O 2 /liter/min). At 6 to 7% NaCl, no growth and hence no catalase activity could be detected after 24 h of incubation at 37°C, while after 48 h, both growth (10 8 CFU/ml) and low catalase activity (20 M O 2 /liter/min) were detected. These results may also imply that the lack of growth at pH 4.5 and 6% salt result from the presence of hematin in the medium. Sausage fermentations start at a pH of 5.8 and reach a final pH of about 4.9 to 5.0. Therefore, the catalase activity would not be impaired by pH conditions encountered in sausage fermentations, as our results indicate that catalase production by L. plantarum CNRZ 1228 occurred in the range of pH 4.9 to 5.7. The salt content in standard fermented sausage production is about 3 to 4.5%, indicating that for fermentation of sausages, catalase activity would not be inhibited by salt.
The L. plantarum CNRZ 1228 culture and the pure catalase from Sigma were tested for their ability to degrade phenolic compounds that naturally occur in foods. BHI agar plates (Becton Dickinson) supplemented with 0.5% yeast extract (Merck) and overlaid with 5 ml of filter-sterilized 2% tannic acid (ICN Biomedicals) were used for tannic acid degradation tests by the method of Osawa (12) . Other phenolic substrates tested individually in plate assays included gallic acid (10 g/liter) (Sigma), gallic acid methyl ester (10 g/liter) (ICN Biomedicals), coffein (10 g/liter) (Sigma), and guaiacol (0.2 g/liter) (Sigma) added to the MRS agar medium before sterilization. Samples (5 l) of a culture of L. plantarum CNRZ 1228 grown overnight in MRS broth at 37°C were spotted onto the surfaces of plates containing the different phenolic compounds at the concentrations described above, and the plates were incubated aerobically at 30°C for 3 days. For a control, pure catalase (Sigma) from bovine liver (210 g/ml) was used. This concentration was determined as the minimum to obtain activity in the agar spot assays. Degradation of the phenolic compounds was indicated by a clear zone surrounding the colony growth. The catalase produced by the L. plantarum CNRZ 1228 culture during growth and the pure catalase were shown to degrade gallic acid methyl ester, gallic acid, and also tannic acid bound to proteins as determined by zones of clearing in plate assays. However, both coffein and guiaicol were less accessible to the degradative effect of catalase, as no zones of clearing were detected in plate assays.
Nucleotide sequence accession number. The nucleotide sequence of the chromosomal DNA fragment from L. plantarum CNRZ 1228 containing the catalase gene was submitted to GenBank and was given the accession number AY375759.
